A comparison of the chemical composition, and antioxidant and antibacterial activities of the essential oils obtained from the aerial parts of Thymus caucasicus, T. kotschyanus, and T. vulgaris was carried out. The oils, obtained by hydrodistillation, were analyzed by GC and GC/MS. Twenty, 29 and 22 compounds representing 94.8%, 96.6% and 98.2% of the essential oils of T. caucasicus, T. kotschyanus and T. vulgaris, respectively, have been identified. The oil of T. caucasicus was characterized by 1,8-cineol (21.5%), thymol (12.6%), β-fenchyl alcohol (8.7%), nerolidol (7.8%), terpinolene (7.2%), α-pinene (7.0%) and myrcene (6.8%). In the oil of T. kotschyanus, carvacrol (24.4%), β-caryophyllene (14.5%), γ-terpinene (12.4%), α-phellandrene (10.8%), p-cymene (9.8%) and thymol (6.8%) were the predominant compounds, whereas the main components of T. vulgaris oil were thymol (43.8%), p-cymene (15.2%), germacrene-D (11.7%), terpinolene (3.4%), carvacrol (3.2%), β-caryophyllene (2.8%) and α-thujene (2.2%). In all three plants oil, hydrocarbon monoterpenes predominated over sesquiterpenes. Antioxidant activities were assessed by determining IC 50 values in the DPPH radical scavenging assay. Antibacterial activity was determined by measuring minimum inhibitory concentration (MIC) using the broth dilution method. The essential oils of T. caucasicus, T. kotschyanus and T. vulgaris showed free radical scavenging and antibacterial activity.
The genus Thymus (family Labiatae) is represented in Iran by 14 species, including four endemics [1] . Some have been used since ancient times in folk medicine for their antiseptic, antibacterial, energy, antitension, antidistension, anticough, sedative, antirheumatic, antiparasite and fungicidal properties. The essences of these plants have been used in the food, medicine, and cosmetic industries [2] . The extract of the leaves of lemon thyme and especially the oil, are strongly antiseptic, deodorant and disinfectant [3] . These are used in aromatherapy to treat asthma and other respiratory complaints, especially in children. The leaves are dried and used in potpourri and herbal pillows [4] . Lemon thyme is also recommended for use in teas and salad dressings [5] . In Hungary, the common thyme (T. vulgaris L.) is an important aromatic plant and herb, the extract and oil of which are used for making teas and flavoring sauces and meats. Thyme oil has a disinfecting effect, is good for controlling infections of the oral and pharyngeal cavity and is used as an expectorant [6] . The genus Thymus is a taxonomically complex group. It is divided into eight sections, and the sections are divided into subsections based on morphological similarities and phytogenetic relationships between the species [7] . Carvacrol, thymol, γ-terpinene, p-cymene and borneol have been reported as the main constituents of the volatile oil of T. kotschyanus [8] . Carvacrol (44.2%) was also identified as a major component of the oil of T. kotschyanus var. glabrescens collected from Turkey [9] . Many of these Thymus essential oils exhibit antioxidant and antimicrobial activities [10] .
Phenols, such as thymol, carvacrol, and eugenol, and monocyclic hydrocarbons, such as terpinolene, Rterpinene, and γ-terpinene, are among the most active natural antioxidants found in essential oils [11] [12] [13] [14] [15] [16] [17] . The chemical composition, thymol and carvacrol content, and insecticidal and antimicrobial properties of T. serpyllum oil have been the subject of a previous study [18] . To our knowledge, no comparison studies of the composition and biological activities of the essential oils of the three Thymus species under investigation have been reported, and the aim of this work was to investigate these. , nerolidol (7.8%), terpinolene (7.2%), α-pinene (7.0%) and myrcene (6.8%) were the major components in this oil, followed by pulegone (3.6%), linalool (2.9%), and α-selinene (2.5%). Oxygenated monoterpenes and monoterpene hydrocarbons constituted the major fraction of the oil (83.5%), while oxygenated sesquiterpenes and sesquiterpene hydrocarbons accounted for 11.3% of the total oil. The oil of T. kotschyanus consisted of 29 compounds, with carvacrol (24.4%), βcaryophyllene (14.5%), γ-terpinene (12.4%), αphellandrene (10.8%), p-cymene (9.8%) and thymol (6.8%) as major components. This oil consisted of oxygenated hydrocarbon (0.3%), monoterpene hydrocarbons (41.5%), oxygenated monoterpenes (39.5%) and sesquiterpene hydrocarbons (14.8%). Twenty-two components in the oil of T. vulgaris were identified, which represented about 98.2% of the total oil. The oil consisted of six oxygenated monoterpenes (49.9%), two oxygenated sesquiterpenes (4.5%), nine monoterpene hydrocarbons (26.7%), four sesquiterpene hydrocarbons (16.2%) and one oxygenated hydrocarbon (0.9%). The major components of the oil were thymol (43.8%), p-cymene (15.2%) germacrene-d (11.7%) and terpinolene (3.4%) ( Table 1) .
Results obtained in the antioxidant study of the essential oils are shown in Figure 1 . Antioxidant activity was tested according to the DPPH (2, 2-diphenyl-1-pycrylhydrazyl) radical scavenging method. T. vulgaris, T. kotschyanus and T. caucasicus essential oils scavenged the DPPH radical in a dose-dependent manner; the IC 50 values decreased in the order: BHT > T. vulgaris > T. kotschyanus > T. caucasicus.
T. vulgaris oil, with more thymol (43.8%) in comparison to the other two oils, had the highest antioxidant activity. It is known that phenolic compounds with a hydroxyl group sterically hindered, such as butylated hydroxytoluene (BHT), possess a high antioxidative activity [19] . T. kotschyanus oil was found to be an effective free radical scavenger, better than T. caucasicus oil. Phenol derivatives, such as thymol, carvacrol, and many other 
Thymus species
Thymol % Carvacrol % T. pubescence [20] 37.9 14.1 T. carmanicus [21] 6.0 68.9 T. carnosus [22] 27.2 -T. fedtschenkoi [20] 31.8 24.3 T. transcaspicus [23] 56.4 7.6 T. daenensis subsp. lancifolius 73.9 6.7 monocyclic hydrocarbons, such as terpinolene and γterpinene, are known to be very active antioxidants. These compounds are found in T. vulgaris, T. kotschyanus and T. caucasicus essential oils. These results agree with those reported by other authors ( Table 2 ).
The results obtained in the antibacterial study are shown in Table 3 . The oil of T. vulgaris showed good biological activity against Escherichia coli (12.5 µg/mL). Among the Gram-positive bacteria, Staphylococcus aureus appeared to be the least sensitive (100 µg/mL). The oil of T. vulgaris showed good activity against Streptococcus faecalis (25 µg/mL). Among the Gram-negative bacteria, slight activity of T. vulgaris oil was detected against Salmonella typhi, while both T. kotschyanus and T. caucasicus oils were inactive against Salmonella typhi and Candida albicans. These finding can be justified by the high concentrations of active compounds such as thymol, carvacrol, 1,8-cineol, β-phenchyl alcohol and γ-terpinene.
In summary, our data indicate that the essential oils from Thymus species effectively inhibit E. coli and S. faecalis strains, two resistant microorganisms which cause serious sanitary problems worldwide. This indicates that these species (especially T. vulgaris and T. caucasicus) may be useful for developing alternative compounds to treat infections caused by these antibiotic resistant pathogens. It is suggested that these compounds of plant origin may be used together with known drugs in the development of pharmacological agents against pathogens. Distillation: Plant materials were air-dried in the shade prior to isolation of their oils. One hundred g of each plant (T. vulgaris, T. kotschyanus, T. caucasicus) were subjected to 3 h of hydrodistillation in a Clevenger-type apparatus. The resulting oils (yield 1.1%, 0.9% and 0.5%, v/w, respectively), were dried over anhydrous sodium sulfate (Na 2 SO 4 ) and immediately placed into a dark glass tube and sealed. The samples were stored at 2°C until chemical analysis and other experiments.
GC analysis: GC analysis was performed on a Shimadzu 15A gas chromatograph equipped with a split/splitless injector (250°C) and a flame ionization detector (250°C). N 2 was used as carrier gas (1 mL/min) and the capillary column used was a DB-5 (50 m × 0.2 mm, film thickness 0.32 µm).The column temperature was kept at 60°C for 3 min and then heated to 220°C with a 5°C/min rate and kept constant at 220°C for 5 min. n-Alkanes (C 8 -C 18 ) were used as reference points in the calculation of relative retention indices (RRI). The relative percentages of the characterized components are given in Table 1 .
GC/MS analysis: GC/MS analysis was performed using a
Hewlett Packard 5973 with an HP-5MS column (30 m × 0.25 mm, film thickness 0.25 µm). The column temperature was kept at 60°C for 3 min and programmed to 220°C at a rate of 5°C/min and kept constant at 220°C for 5 min. The flow rate of helium as carrier gas was 1 mL/min. MS were taken at 70 eV. Identification of the constituents of the oils was made by comparison of their MS and retention indices (RI) with those given in the literature and with those of authentic samples [25] . Relative percentage amounts were calculated from peak area using a Shimadzu C-R4A chromatopac, without the use of correction factors.
Free radical scavenging activity (DPPH assay):
The free radical scavenging activity was determined by the DPPH assay [26] . Fifty μL of various concentrations of the samples in ethanol was added to 5 mL of a 0.004% ethanol solution of DPPH. The decrease in absorbance was determined at 518 nm at room temperature at 0 min, 3 min, and every 5 min for 1 h. For each sample concentration tested, the reaction kinetics were plotted and from these graphs the absorbance was read after 30 min. Inhibition of DPPH radical, as a percentage, was calculated: I (%) = (A blank -A sample )/A blank ×100, where A blank is the absorbance of the control and A sample is the absorbance of the sample. Sample concentration providing 50% inhibition (IC 50 ) was calculated from the graph plotting inhibition percentage against sample concentration.
Antibacterial activity:
The antibacterial activity of the essential oils was evaluated by determining the minimum inhibitory concentration (MIC) using the broth dilution method [27] . Five species were tested (Streptococcus faecalis, Escherichia coli, Salmonella typhi, Staphylococcus aureus and Candida albicans), selected as representatives of Gram-positive and Gram-negative bacteria.
